ABSTRACT -A procedure has been used for the classification and quantification of metals on the basis of a chemometric analysis of visible and near-infrared (Vis-NIR) spectra of metals such as Cu, Mn and Fe in the brain, liver, kidney and testis of mice without digestion. Transmittance spectra in the 600-to 1000-nm region subjected to partial least-squares (PLS) regression analysis and leave-out cross-validation facilitated development of chemometrics models for predicting metal concentration. From the models, Cu, Mn and Fe yielded the coefficients of determination in cross-validation (R 2 VAL ) as 0.8013, 0.9021 and 0.8295 with standard errors of cross-validation (SECV) of 3.399, 0.8237 and 76.512 μg per g tissue, respectively. The respective detection limits of Cu, Mn and Fe were 12.19, 2.616 and 266.32 μg per g tissue. Furthermore, the regression coefficients of the models showed specific patterns for the respective metals. These results suggest that Vis-NIR spectroscopy may have a great potential for analysis of native state of metals in tissues.
INTRODUCTION
Including human beings, living tissues of organisms are composed of only 30 elements (Sharma and Sharma, 1997) . Of these elements, 95% represent hydrogen (H), carbon (C), nitrogen (N) and oxygen (O), while the remaining 5% are minerals. Of the minerals, calcium (Ca), phosphorus (P), sulphur (S), potassium (K), sodium (Na), chlorine (Cl), magnesium (Mg), iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), selenium (Se), iodine (I), molybdenum (Mo), chromium (Cr) and cobalt (Co) are essential for normal physiological functions of the living system. Fe, Zn, Mn, Cu, Se, I, Mo, Cr and Co (9 elements) are required in very small quantities and are hence known as "trace elements" (Baran, 2004) . A deficiency in or increased exposure to any of these trace elements leads to abnormalities that occasionally may eventuate in pathological conditions (Taylor, 1996) . Thus, developments of analytical methods for trace elements are even more important with increasing importance of trace metals recognized for growth and functions of living organisms. Although current methods, such as atomic absorption spectroscopy (AAS) and inductively coupled plasma mass spectrometry (ICP-AES), have been used for detection of trace metals in mammalian tissues (Minami et al., 1995; Verbanac et al., 1997; Morita et al., 1994) , these methods are destructive. The main disadvantage of AAS and ICP-AES is a need for a digestion procedure with proper acids.
Visible and near-infrared (Vis-NIR) spectroscopy is a fast multicomponent assay and does not require sample preparations or reagents (Osborne and Fearn, 1986) . The NIR and the red regions are dominated by weak overtones and combinations of vibration bands of atoms with strong molecular bonds containing nitro-gen, oxygen and/or carbon attached to hydrogen (Osborne et al., 1993) . Moreover, as the NIR and red regions have shown relatively weak water absorption with low energy levels, Vis-NIR spectroscopy can be performed without any non-digestive procedures (Ciurczak and Drennen, 2002) . It is therefore not surprising that Vis-NIR spectroscopy is an extensively employed analytical method in the agricultural, pharmaceutical, chemical, petrochemical and medical fields (Osborne and Fearn, 1986; Osborne et al., 1993; Ciurczak and Drennen, 2002; Raghavachari, 2001; Sakudo et al., 2005; Sakudo et al., 2006a) The present study investigated the vibration mode of native states of metals in tissues using Vis-NIR spectroscopy. Hitherto, Vis-NIR spectroscopy has been routinely employed for vibration mode of metals in wines (Sauvage et al., 2002) , legumes (Cozzolino and Moron, 2004) , forages (Clark et al., 1987 (Clark et al., , 1989 , soils (Moron and Cozzolino, 2003) , sediments (Malley, 1998; Malley and Williams, 1997) , grasses and hays (Saiga et al., 1989; Smith et al., 1991) , where metals are incorporated in complex organic matrices. Although detectable, metals per se exhibit no absorption in the NIR and red regions, since they form complexes with organic molecules containing the C-H, N-H and O-H bonds (Osborne and Fearn, 1986 ) and water (Sakudo et al., 2006b ) that modulate their vibrational modes. Alteration of the vibrational mode has been exploited for distinct metal detection in said agricultural materials (Sauvage et al., 2002; Cozzolino and Moron, 2004; Clark et al., 1987 Clark et al., , 1989 Saiga et al., 1989; Smith et al., 1991) . In this study, Vis-NIR spectroscopy was used to determine native states of metals in tissues espousing organic matrices by comparing vibration mode using partial least squares regression analysis.
MATERIALS AND METHODS

Animals
Ten male C57BL/6CrSlc mice (Japan SLC, Hamamatsu, Japan) were analyzed at 10 weeks of age. All mice were housed according to standard animal care protocols and sacrificed according to guidelines of the University of Tokyo before harvesting the tissues. Portions of harvested tissues were stocked in a freezer at −80°C before spectroscopic measurements.
Vis-NIR instruments
The frozen tissue samples were thawed and left standing at 25°C to establish a stable temperature.
Transmittance spectra of the tissue samples in a cuvette with a polystyrene cell (optical length: 10 mm) (SARSTEDT, Numbrecht, Germany) were measured at 1-nm resolution with a Fruits-Tester-20 spectrophotometer (Japan Fantec Research Institute, Shizuoka, Japan) in an air-conditioned room at 25°C (Fig. 1) . Spectral data were collected to yield absorbance value [log (1/T)], where T= transmittance was measured within the wavelength range of 600 -1000 nm. Three consecutive spectra were taken from each sample. After collection of Vis-NIR spectra, tissue samples were applied to ICP-AES.
Data processing
Pirouette software (ver. 3.11; Infometrics, Woodinville, WA) was employed for data-processing. To minimize differences between spectra caused by baseline shifts and noise prior to calibration, spectral data were mean-centered and transformed by smoothing based on the Savitsky-Golay algorithm (Savitzky and Golay, 1964) . The mathematical formulas are available in the Pirouette manual. The partial leastsquares regression (PLS) method was applied to develop the PLS regression model for predicting metal concentrations. The number of PLS factors was chosen from the minimized standard error of cross-validation (SECV). Calculations were performed by leave-out cross validation using 3 spectra after training other samples. The accuracy of the model was evaluated using SECV, while the standard deviation (SD) divided by SECV and the coefficient of determination in crossvalidation (R 2 VAL ) were determined accordingly.
Calculating the detection limits
According to Miller's study (Miller and Miller, 2000) , Equation (1) defines the detection limit (y) that indicates if a sample contained a certain metal(s) based on the average (y B ) and standard deviation (S B ) of the signal from the blank control (signal of hypothetical tissues without metals), where the calculated intercept is used as an estimate of y B Equation (2), which is used to estimate S B , or statistics S y/x , which estimates random errors in the y-direction (Miller and Miller, 2000) The y i values are the points corresponding to the individual x-values on the calculated regression line:
(1)
ICP-AES
To minimize metal contamination of samples, all vessels were immersed in 0.1 M HNO 3 overnight and washed with deionized water. Tissue samples were dried at 105°C for 4 hr in a 10-ml polytetrafluoroethylene beaker to obtain the dry weight. Dry weights of tissue samples were as follows. Brain: 114.2-88.2 mg; Liver: 122.9-89.7 mg; Kidney: 75.9-67.4 mg; Testis: 36.5-27.4 mg. The sample and 0.5 ml of concentrated HNO 3 were heated separately from room temperature to 150°C for over 1 hr and then kept at 150°C for 6 hr to promote vapor-phase digestion with HNO 3 in a 50-ml polytetrafluoroethylene digestion vessel with a stainless steel jacket (Takahashi et al., 2003) . After cooling to room temperature, the container was diluted to 2 ml with 0.1 M HNO 3 . The concentrations of Cu, Mn, Fe and Zn were determined by ICP-AES. Emission intensities were measured using an ICP-AES spectrometer (SPS1200 VR; Seiko, Tokyo, Japan). The respective emission lines used for Cu, Mn, Fe and Zn were 324.754, 257.610, 259.940, and 213.856 nm, and Ar plasma was maintained with an incident power of 1.3 kW.
RESULTS AND DISCUSSION
The Cu, Mn, Fe and Zn concentrations in the brain, liver, kidney and testis of mice were measured by Vis-NIR spectroscopy, while those in tissues were determined by ICP-AES. The transmittance spectra were collected within the wavelength range of 600-to 1000-nm region for constructing PLS models for Cu, Mn, Fe and Zn concentrations. To determine predominant changes in the spectra, two pre-processing were performed; viz., mean-centering of spectra and smoothening of spectra. Mean-centering emphasized the subtle variations in the spectra due to changing species concentrations, while smoothing of all spectra was performed to minimize noise variations. Following the determination of predominant species in the spectra, PLS analysis of pre-processed data was performed. The full cross-validation was then applied to construct the PLS calibration models. SECV of Cu, Mn and Fe reach the minimum values with respective factors of 10, 17 and 9. Thus, the optimal numbers of PLS factors for Cu, Mn and Fe concentrations were found to be 10, 17 and 9, respectively (Table 1) . Regression plots and regression coefficients of the PLS model for predicting Cu, Mn, and Fe concentration are indicated in Fig. 2 .
Good correlation could be obtained between metal values and predicted values based on Vis-NIR spectroscopy (Fig. 2a, c, e) , while several tissue samples were predicted as low value when the actual concentration of Fe was high in the tissue in Fig. 2e . Fig. 2 . PLS calibration models for predicting Cu (a), Mn (c) and Fe (e) concentrations in tissues using Vis-NIR spectroscopy. Cross-validation model: 10 (Cu), 17 (Mn) and 9 (Fe) PLS factors based on a 600-to 1000-nm spectral region using a leave-out cross validation procedure. Loading plots of the regression coefficient for the model based on the Vis-NIR spectra in the 600-to 1000-nm region of Cu (b), Mn (d) Although the reason remains unclear, it might be due to light scattering of tissues (Thennadil et al., 2006) . Correlation between data and line identity of metals yielded R 2 VAL values of 0.801 (Cu), 0.902 (Mn), and 0.829 (Fe). The SECV on the linear regression was calculated to be 3.399 (Cu), 0.8237 (Mn), and 76.51 (Fe) μg per g of dry tissue. The criterion for assessing the models was that R 2 VAL >0.70 (Sauvage et al., 2002) , although poor when SD/SECV < 1.6; acceptable when 1.6 − 2.0; and excellent implies >2.0 (Moron and Cozzolino, 2003) . SD/SECV calculated for metals indicated reliable results; viz., 1.62 for Cu; 2.24 for Mn; and 1.74 for Fe. In contrast, although the development of a PLS calibration model for Zn concentration was also tried, we could not develop an acceptable calibration model to meet the above criteria (data not shown). Therefore, the present study used the wavelength range of 600-to 1000-nm region to generate excellent predictive models for Cu, Mn, and Fe concentrations but not for Zn concentration. Based on Equation (1), the detection limits of the methods for deteremining metal concentrations were thus calculated ( Table 2 ). The respective detection limits of Vis-NIR spectroscopy for Cu, Mn and Fe registered 12.2, 2.6 and 266.3 (Fe) μg/ g dry tissue. As all predicted values of the liver and kidney over the detection limits of Vis-NIR spectroscopy for Cu, Mn and Fe, the PLS model would be applicable to measure Cu, Mn and Fe concentrations in livers and kidneys. However, as other tissues (such as the brain and testis) showed a predicted value below the detection limits for Cu, Mn and Fe, the PLS model might not be applicable. Moreover, Zn is also an important metal found in tissues. Although we endeavored to develop the model for Zn concentration in tissues, we could not develop a model satisfying the criteria.
The PLS modeling provides not only development of quantitative models but also elucidates spectroscopic characterization of samples. Next, to examine spectroscopic characterization of Cu, Mn and Fe in tissues, the regression coefficients for the PLS models were investigated (Fig. 2b, d, f) . The regression coefficient contains the model coefficients. A line plot of this object reveals the independent variables (wavelength) important in modeling the dependent variable (metal concentration). Regression coefficients in this model presented peaks corresponding to Cu, Mn and Fe (Table 3 ). Besides these, many peaks around 610, 620, 630, 640, 690, 720, 740, 760, 770, 790, 800, 850, 870, 950, 970 and 990 nm were commonly observed in the loading of regression coefficients of Cu, Mn and Fe.
Although it is often difficult to assign wavelengths to specific molecular absorptions in the NIR and red regions, the commonly observed peaks may be related to interactions between metals and water or organic compounds in tissues such as those of agricultural crops (Sauvage et al., 2002; Cozzolino and Moron, 2004; Clark et al., 1987 Clark et al., , 1989 Saiga et al., 1989; Smith et al., 1991) . Several peaks for each metal were specifically observed: the peak specific for Cu was detected at 892 nm, while those around 702 and 831 nm (absent for Cu) were indicative of Mn and Fe. Moreover, peaks specific for Mn were also detected at 605, 654 and 683 nm, while those around 910 and 932 nm (absent for Mn) for Cu and Fe were observed as well. No specific peaks for Fe were observed, whereas peaks around 748, 780, 867 and 889 nm (absent for Fe) were representative of Cu and Mn. These results suggest that each metal displayed specific interaction with water or organic functional groups. Several peaks of the regression coefficient were identical to those obtained by other authors using agricultural crops, albeit certain peaks were not commonly shared (Sauvage et al., 2002; Cozzolino and Moron, 2004; Clark et al., 1987 Clark et al., , 1989 Saiga et al., 1989; Smith et al., 1991) . This is consistent with the notion that the concentration of a metal is measured indirectly by absorbance corresponding to the specific interaction between the metal and water or organic compounds.
The current extensively employed methods for measuring metal concentrations in tissues are AAS, ICP-AES and ICP-MS. It is noteworthy that all these methods are destructive analyses, which require acid digestion. Results in our study suggest that Vis-NIR spectroscopy has the advantage of being a non-digestive analysis for monitoring metal levels in tissues. Furthermore, other advantages of Vis-NIR spectroscopy include prompt analysis, simplicity in sample preparations, and requirements of no chemical reagents. Therefore, Vis-NIR spectroscopy may be used as a large-scale routine assay for measuring metal concentrations in tissues. If Vis-NIR spectroscopy apparatus could be automated, the procedural time would further be abbreviated. Moreover, as the regression coefficients of Cu, Mn and Fe in tissues displayed many distinct peaks, Vis-NIR spectroscopy could therefore discriminate the different metals at native state in tissues. ↓605  ↑606  ↑614  ↑611  ↓620  ↓620  ↓625  ↑635  ↑631  ↑634  ↑649  ↑645  ↑645  ↓654  ↑683  ↓687  ↓693  ↓691  ↑707  ↑702  ↑724  ↑725  ↑719, ↑730  ↑742  ↓739  ↓739  ↑748  ↑749  ↓758  ↓760  ↓760  ↑771  ↑773  ↑770  ↓780  ↓778  ↑791  ↑791  ↑789  ↓800  ↓814  ↓802  ↑823  ↑831  ↓846  ↓846  ↓849  ↑867  ↑860  ↓866  ↓879  ↓873  ↑889  ↑880  ↓892  ↑907  ↑906, ↑922  ↓932  ↓932  ↑951  ↑954  ↑954  ↓964  ↓980  ↓971 ↑988 ↑991 ↑985 ↑: positive peak ↓: negative peak
